Hepatitis C virus (HCV) sets up a persistent infection in patients that likely involves a complex virus-host interaction. We previously found that the HCV nonstructural 5A (NS5A) protein interacts with growth factor receptor-binding protein 2 (Grb2) adaptor protein and inhibits the activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) by epidermal growth factor (EGF). In the present study, we extended this analysis and investigated the specificity of the Grb2-NS5A interaction and whether the subversion of mitogenic signaling involves additional pathways. NS5A containing mutations within the C-terminal proline-rich motif neither bound Grb2 nor inhibited ERK1/2 activation by EGF, demonstrating that NS5A-Grb2 binding and downstream effects were due to direct interactions. Interestingly, NS5A could also form a complex with the Grb2-associated binder 1 (Gab1) protein in an EGF treatment-dependent manner. However, the NS5A-Gab1 association, which appeared indirect, was not mediated by direct NS5A-Grb2 interaction but was likely dependent on direct NS5A interaction with the p85 subunit of phosphatidylinositol 3-kinase (PI3K). The in vivo association of NS5A with p85 PI3K required the N-terminal, but not the C-terminal, region of NS5A. The downstream effects of the NS5A-p85 PI3K interaction included increased tyrosine phosphorylation of p85 PI3K in response to EGF. Consistent with this observation and the antiapoptotic properties of NS5A, we also detected enhanced tyrosine phosphorylation of the downstream AKT protein kinase and increased serine phosphorylation of BAD, a proapoptotic factor and an AKT substrate, in the presence of NS5A. These results collectively suggest a model in which NS5A interacts with Grb2 to inhibit mitogenic signaling while simultaneously promoting the PI3K-AKT cell survival pathway by interaction with p85 PI3K, which may represent a crucial step in HCV persistence and pathogenesis.
Hepatitis C virus (HCV) sets up a persistent infection in patients that likely involves a complex virus-host interaction. We previously found that the HCV nonstructural 5A (NS5A) protein interacts with growth factor receptor-binding protein 2 (Grb2) adaptor protein and inhibits the activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) by epidermal growth factor (EGF). In the present study, we extended this analysis and investigated the specificity of the Grb2-NS5A interaction and whether the subversion of mitogenic signaling involves additional pathways. NS5A containing mutations within the C-terminal proline-rich motif neither bound Grb2 nor inhibited ERK1/2 activation by EGF, demonstrating that NS5A-Grb2 binding and downstream effects were due to direct interactions. Interestingly, NS5A could also form a complex with the Grb2-associated binder 1 (Gab1) protein in an EGF treatment-dependent manner. However, the NS5A-Gab1 association, which appeared indirect, was not mediated by direct NS5A-Grb2 interaction but was likely dependent on direct NS5A interaction with the p85 subunit of phosphatidylinositol 3-kinase (PI3K). The in vivo association of NS5A with p85 PI3K required the N-terminal, but not the C-terminal, region of NS5A. The downstream effects of the NS5A-p85 PI3K interaction included increased tyrosine phosphorylation of p85 PI3K in response to EGF. Consistent with this observation and the antiapoptotic properties of NS5A, we also detected enhanced tyrosine phosphorylation of the downstream AKT protein kinase and increased serine phosphorylation of BAD, a proapoptotic factor and an AKT substrate, in the presence of NS5A. These results collectively suggest a model in which NS5A interacts with Grb2 to inhibit mitogenic signaling while simultaneously promoting the PI3K-AKT cell survival pathway by interaction with p85 PI3K, which may represent a crucial step in HCV persistence and pathogenesis.
Hepatitis C virus (HCV), a Flaviviridae family member, contains a positive-sense, single-stranded RNA genome that encodes about 10 mature viral structural and nonstructural (NS) proteins (41) . Infecting approximately 2% of the world population, HCV is the global leading cause of chronic liver disease and has become a major public health problem in the United States (10, 11) . In the majority of cases, acute infection with HCV results in persistent viral replication and establishment of a chronic infection. Chronic hepatitis C frequently leads to progressive liver disease, including liver fibrosis and cirrhosis, and is strongly associated with the onset of hepatocellular carcinoma. HCV research has been hampered by the lack of an efficient tissue culture system or an adequate animal model of HCV infection (18) . As a result, the mechanisms of HCV replication, persistence, and pathogenesis remain poorly understood. Consequently, our general understanding of the impact of HCV infection on cellular signaling is far from complete or clear.
HCV-host interactions have been intensely investigated despite the lack of a robust virus infection system. The literature has primarily focused on the interactions among the HCV core, the viral capsid structural protein, and the cellular signaling machinery (34) . The HCV NS5A protein itself became the subject of intense investigation following the observation that amino acid substitutions within a region of NS5A, termed the interferon (IFN) sensitivity-determining region, were correlated with the IFN response of patients infected with HCV genotype 1b (15, 16) . Although the exact molecular mechanism of IFN resistance mediated by the NS5A protein remains to be elucidated, our previous studies showed that the NS5A protein from IFN-resistant HCV strains can act as a potent inhibitor of IFN-induced, double-stranded RNA (dsRNA)-dependent protein kinase (PKR), a key mediator of the host IFN antiviral and antiproliferative response (17, 20, 21) . It is noteworthy that the E2 envelope protein also interacts with and inhibits PKR (54) , indicating that HCV may employ multiple strategies to perturb a major host cell antiviral function. NS5A can also confer IFN resistance on encephalomyocarditis virus and vesicular stomatitis virus, viruses normally sensitive to the antiviral actions of IFN (1, 19, 38, 40, 49) , and it reverses the IFN-sensitive phenotype of a vaccinia virus (VV) lacking the E3L gene (25) . NS5A provides resistance to apoptosis induced by PKR agonists, such as dsRNA, and can cause cell transformation and solid-tumor growth in vivo through both PKR-dependent and -independent mechanisms (19) . In addition, NS5A has also been reported to modulate cell cycle regulatory genes and protect against tumor necrosis factor alpha-mediated apoptotic cell death (22, 23) . However, the exact molecular mechanisms by which NS5A regulates cell survival and apoptosis await further characterization.
Recently, we found that HCV may utilize the viral NS5A protein to perturb host intracellular signaling pathways. Specifically, we demonstrated that NS5A directly interacts with the cellular adaptor protein growth factor receptor-binding protein-2 (Grb2) and inhibits activation of the extracellular signalregulated kinase 1 and 2 (ERK1/2) mitogen-activated protein kinases (MAPK) by epidermal growth factor (EGF) (25, 53) . However, the exact mechanism(s) by which NS5A interaction with Grb2 subverts the downstream MAPK pathway remains unclear. In the present report, we describe the nature of the NS5A-Grb2 interaction and provide evidence that NS5A associates with the insulin receptor substrate family signaling complex Grb2-associated binder 1 (Gab1) and directly interacts with the p85 subunit of phosphatidylinositol 3-kinase (PI3K). Finally, we describe the downstream effects of the NS5A-p85 PI3K interaction and present a model depicting the multifaceted molecular mechanism of NS5A action upon the cellular signaling machinery.
MATERIALS AND METHODS
Antibodies and immunoblot analysis. NS5A-specific monoclonal antibody was purchased from ID Labs. Monoclonal antibody specific to HCV NS4A was purchased from Maine Biotechnology Services. Grb2-specific monoclonal antibody was purchased from Transduction Laboratories. Antibodies specific to Gab1, phospholipase C-␥ (PLC-␥), and glutathione S-transferase (GST) were purchased from Santa Cruz Biotechnology. Antibodies specific to the p85 subunit of PI3K and phosphotyrosine (4G10) were purchased from Upstate Biotechnology. Antibodies specific to AKT, phospho-AKT (Ser473), the phosphorylated forms of Erk1/2 (Thr202/Tyr 204), total Erk1/2, phospho-Bad (Ser136), and Bad were purchased from Cell Signaling Technology. Human antiserum from HCV-positive patients for the detection of NS5A was described previously (39) . Secondary antibodies conjugated to horseradish peroxidase were purchased from Jackson ImmunoResearch. The immunoblot analysis was performed as previously described (25, 53) . The relative levels of protein phosphorylation shown in Fig. 1 and 6 were determined by quantifying the immunoblots with ImageQuant (version 5.1). The signals from the phosphospecific immunoblots were normalized against their individual control signals, and the ratio of phosphospecific signal to control signal was determined as described previously (25) .
Plasmids and GST fusion proteins. All molecular cloning techniques were performed as previously described (44) . To generate the pTRE-NS5A-1b-wild type, pTRE-NS5A-Pro3, and pTRE-NS5A-1b5 constructs, the entire NS5A coding sequences, fused with the FLAG epitope tag at the N terminus from pFlag-NS5A-1b-wild type, pFlag-NS5A-Pro3, and pFlag-NS5A-1b5 (21), were placed into the XbaI site of plasmid pTRE (Clontech) (53) . pTRE-FL-NS5A-NR, pTRE-NS5A-⌬N110, and pTRE-NS5A-⌬C117 were previously described (39) . GST, GST-NS5A, and GST-Grb2 were previously described (21, 53) . The GSTGab1 construct was kindly provided by A. J. Wong (Thomas Jefferson University). The GST-p85␣ construct was kindly provided by B. Vanhaesebroeck (Ludwig Institute for Cancer Research). GST-p85 C-SH2 domain and GST-p85 N-SH2 domain were purchased from Upstate Biotechnology. GST-PLC-␥1 was purchased from Santa Cruz Biotechnology.
Purification of recombinant NS5A protein. Isolation of recombinant baculovirus DNA containing the full-length NS5A-encoding gene under the transcriptional control of the polyhedrin promoter, transfection of Sf9 cells (Invitrogen), and infection with recombinant baculovirus were performed as previously described (53) . After 4 days of infection, cells were collected and protein was purified by conventional chromatographic methods as previously described (53) .
Cell lines and tissue culture. The Tet-Off Gene Expression System and TetOff HeLa cells (Clontech) were used to establish the tetracycline-regulated stable NS5A-1b-wild-type-expressing cell lines (53) . The stable Tet-Off HeLa cell lines expressing full-length NS5A-NR and NS5A-⌬N222 were previously described (39) . Maintenance of stable Tet-Off HeLa cells, induction of NS5A expression, and EGF treatment (serum starvation overnight, followed by EGF treatment at 20 ng/ml for 3 min) were done as previously described (25, 53) . Cell lysates were prepared before and at different time points after EGF stimulation as previously described (25, 53) . Transient transfection of pTet-Off HeLa cells was performed with SuperFect (Qiagen) in accordance with the manufacturer's instructions. Specifically, 10 6 cells in 60-mm-diameter tissue culture dishes were transfected with 3 g of plasmid DNA. At 24 h posttransfection, the cells were treated with EGF and cell lysates were prepared as described above. Huh7 human hepatoma cells were cultured in DMEM supplemented with 2 mM L-glutamine, nonessential amino acids, penicillin (100 U/ml), streptomycin (100 g/ml), and 10% fetal calf serum at 37°C in the presence of 5% CO 2 . The HCV replicon cell lines were constructed and maintained as previously described (2, 33) .
Construction of NS5A-expressing recombinant VV and virus infection. In vivo recombination and selection of recombinant VV were performed as previously described (25, 53) . HeLa S3 cells (ATCC CCL-2.2) were maintained in DMEM supplemented with 10% fetal calf serum, penicillin (100 U/ml), streptomycin (100 g/ml), and 2 mM L-glutamine at 37°C in 5% CO 2 . Cell monolayers (70% confluent) were infected with control recombinant VV (vp1080) or recombinant VV expressing NS5A-1b-wild type (vpNS5A) as previously described (25, 53) . At 2, 4, and 6 h postinfection, cell lysates were prepared as previously described (25, 53) .
GST pulldown analysis. GST fusion proteins were purified and coprecipitation assays were performed as previously described (53) . Purified GST-Grb2 proteins were cleaved with bovine thrombin (20 cU/ml; Amersham Pharmacia Biotech) at room temperature for 16 h, and 0.1 g of the cleaved Grb2 was used for GST pulldown analysis. Purified recombinant NS5A (0.1 g) or lysates (500 g) from NS5A-expressing cells were incubated with 1.0 g of each GST fusion protein bound to glutathione-agarose beads for 1 h at 4°C on a rotator. The glutathioneagarose resin was pelleted at 14,000 ϫ g for 2 min and washed three times with ice-cold 1ϫ phosphate-buffered saline. Precipitated proteins were suspended in 2ϫ sodium dodecyl sulfate (SDS) protein-loading buffer (44) , boiled for 5 min, and subjected to SDS-polyacrylamide gel electrophoresis (PAGE) (12% gel); this was followed by electrotransfer and immunoblot analysis done as previously described (25, 53) .
Coimmunoprecipitation analysis. Cell lysates (500 g) used for coimmunoprecipitation analysis were first diluted in low-salt lysis buffer (25, 53) , and the lysate mixtures (500 l) were precleared by incubation with 50 l of 50% protein A agarose or protein G agarose (Boehringer Mannheim) for 2 h at 4°C. After centrifugation of the mixture at 14,000 ϫ g for 5 min, the supernatant was recovered and incubated with 2 g of each primary antibody at 4°C for 1 h. Protein A agarose or protein G agarose (50 l of a 50% suspension) was then added, and the mixture was incubated for an additional 2 h at 4°C. All incubations were performed on a rotator to ensure proper mixing. The immune complexes were then pelleted at 14,000 ϫ g for 2 min, washed three times with ice-cold 1ϫ phosphate-buffered saline, diluted in 2ϫ SDS protein loading buffer, and boiled for 5 min. Immunoprecipitation products were subjected to SDS-PAGE (12% gel); this was followed by electrotransfer and immunoblot analysis as described above.
RESULTS
Because of the lack of an HCV infection system, we utilized four different surrogate systems to gain insights into the interaction between NS5A and cell signaling pathways: stable or transiently transfected Tet-Off cell lines expressing HCV NS5A, a recombinant, E3L-deficient VV expressing NS5A, and the recently developed HCV replicon cells expressing HCV NS proteins (2, 33) . The Tet-Off cell line system allows the characterization of NS5A function in a tightly controlled, inducible manner. The recombinant VV system provides the context of viral infection, at least activation of the dsRNAdependent antiviral pathway (25) , which is likely important for studying the function of a viral protein. Finally, the HCV replicon system, consisting of human liver cells replicating an HCV subgenomic RNA construct and expressing several HCV NS proteins (NS3, NS4A, NS4B, NS5A, and NS5B), is considered the "gold standard" of HCV model systems and enables the examination of NS5A behavior in the presence of viral genome replication and other HCV proteins.
A mutant form of NS5A, NS5A-Pro3, is unable to interact with Grb2 and inhibit EGF-induced ERK MAPK activation. Grb2 is an adaptor protein that mediates signaling by nucleating the formation of signal transduction complexes in response to growth factor stimulation (14, 46) . We previously showed that NS5A binds Grb2 in an Src homology 3 (SH3) domain/ligand-dependent manner and inhibits ERK1/2 MAPK activation by EGF (53) . As an extension of these observations, we determined whether mutations within the C-terminal proline-rich SH3 domain-binding motif affects the ability of NS5A to inhibit EGF-dependent ERK1/2 activation. Consistent with previous findings (53) , transient expression of NS5A in Tet-Off HeLa cells and in vivo coimmunoprecipitation analysis revealed that NS5A and Grb2 interaction was dependent on EGF stimulation of the cells (Fig. 1A ). NS5A-Pro3, which carries three proline3alanine point mutations within the proline-rich motif, did not interact with Grb2, indicating that the proline-rich motif of NS5A is essential for its interaction with Grb2 (Fig. 1A ). This finding was further supported by GST pulldown experiments with a GST-Grb2 fusion protein and lysates from HeLa cells transfected with either wild-type NS5A or NS5A-Pro3 constructs (data not shown). Importantly, the ability of NS5A-Pro3 to inhibit EGF-dependent ERK activation was severely abrogated while wild-type NS5A inhibited Erk1/2 phosphorylation in a transient manner, as shown in our previous studies (25, 53) (Fig. 1B) . These results support the notion that NS5A binds Grb2 via an SH3 domain/ligand-dependent manner and demonstrate the requirement and specificity of the interaction for mediating downstream effects on cellular signaling. NS5A-Pro3 also provides an effective approach by which to test whether any effect of NS5A is dependent on Grb2 interaction.
In order to examine the physiological relevance of these results, we compared the level of ERK1/2 MAPK activation in Huh7 human liver cells with its level of activation in HCV replicon cells, which are Huh7-derived human liver cells that 4) . At 4 h post-EGF treatment, cell lysates were collected and coimmunoprecipitation assays were performed with anti-Grb2 antibody. The immunocomplexes were resolved by SDS-12% PAGE and transferred to a nitrocellulose membrane. IgG (H) denotes the heavy chain of mouse immunoglobulin G. Lanes 1 and 2 show total lysates from cells transfected with either pTRE-NS5A-wild type (NS5A) or pTRE-NS5A-Pro3 (Pro3), respectively, probed with anti-NS5A antibody to show NS5A expression levels. (B) Cell lysates from the experiment described above were resolved by SDS-PAGE and subjected to immunoblot (IB) analysis with antibody specific to the dually phosphorylated, activated forms of Erk1/2 (top). The same blot was stripped and probed with anti-Erk1/2 antibody to show total Erk1/2 protein levels (bottom). (C) Equal amounts (30 g) of protein from actively proliferating (ϳ70% confluent) Huh7 and HCV replicon cells were resolved by SDS-PAGE, transferred to nitrocellulose membrane, and probed with antibody specific to phosphorylated Erk1/2 MAPKs (top). The same membrane was stripped and reprobed with antibody specific to Erk1/2 MAPKs (bottom). The values under the antiphospho-Erk1/2 blot are the relative levels of Erk1/2 phosphorylation. IP, immunoprecipitation.
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on October 14, 2017 by guest http://jvi.asm.org/ carry an HCV subgenomic construct and express several HCV NS proteins, including NS5A (2, 33) . In this analysis, we found that activation of the Erk1/2 MAPKs was inhibited by approximately twofold in actively proliferating HCV replicon cells, compared with that in the parental Huh7 cells (Fig. 1C) . This finding suggests that NS5A is able to perturb the MAPK pathway in the context of other HCV NS proteins and in the presence of viral genome replication. However, these factors may also exert their own effects on cell signaling pathways and may regulate or counteract the actions of NS5A. This may partially explain the fact that inhibition of the MAPK pathway in the replicon cells was not as dramatic as that observed in Tet-Off cells expressing NS5A only. In addition, the Tet-Off and replicon cells are of different types and may express different levels of NS5A protein.
NS5A indirectly associates with the Gab1 signaling complex in a Grb2-independent manner. Members of the insulin receptor substrate family of proteins, of which Gab1 is one, play pivotal roles in cell signaling by associating with different growth factor, cytokine, and antigen receptors and by providing docking sites for components of multiple downstream pathways (26, 56) . Since Gab1 also associates with the EGF receptor, either via the adaptor protein Grb2 or directly, and since it contributes to activation of the MAPK pathway by providing binding sites for the SH2 domain of Grb2 (32, 45), we tested whether NS5A could associate with the Gab1 signaling complex. Coimmunoprecipitation experiments were performed with anti-Gab1 antibody on lysates from untreated or EGFtreated, wild-type NS5A-expressing HeLa cells. NS5A was detected in the same immunocomplex as Gab1 only after EGF treatment, indicating that this association is regulated by cell signaling events ( Fig. 2A) , similar to the association between NS5A and Grb2 (53) . An NS5A-Gab1 complex was not detectable when a parallel coimmunoprecipitation was performed with a normal-serum control ( Fig. 2A) . To characterize the function of NS5A in the setting of a virus infection, we examined the association of NS5A with the Gab1 signaling complex in HeLa S3 cells infected with recombinant VV expressing NS5A protein (Fig. 2B ). The VV system offers an additional advantage in that VV encodes an EGF homologue that can mimic EGF-induced tyrosine protein phosphorylation (4, 42) . Coimmunoprecipitation analyses were carried out with lysates from HeLa S3 cells infected with a recombinant VV expressing NS5A (vpNS5A) or a recombinant VV control (vp1080) (Fig. 2B) . Infection of HeLa S3 cells with vpNS5A, but not infection with vp1080, produced an NS5A-Gab1 complex, as revealed by coprecipitation of NS5A by anti-Gab1 antibody. When a parallel experiment was performed with a normal-serum control, neither NS5A nor Gab1 was detectable. Collectively, these results suggest that NS5A associates with the Gab1 multiprotein signaling complex in the context of both viral infection and EGF-induced cellular signaling.
To test whether NS5A associates with Gab1 directly or through a bridging molecule, such as Grb2, we used recombinant GST-Gab1 as an affinity matrix to examine whether NS5A and Gab1 could form a complex in cell lysates prepared from wild-type NS5A-expressing Tet-Off HeLa cells. Indeed, we were able to demonstrate the retention of NS5A on glutathione-agarose beads with GST-Gab1, but not with GST or buffer alone (Fig. 3A) . Also, the interaction of NS5A with GST-Gab1 was dependent on EGF treatment, further indicating that the interaction is regulated by cellular signaling events. We next examined whether purified NS5A could bind to purified GSTGab1 in the absence of other proteins (Fig. 3B) . While NS5A was efficiently coprecipitated with GST-Grb2, no direct interaction between NS5A and GST-Gab1 was detected. However, . The immunocomplexes were resolved by SDS-12% PAGE, transferred to a nitrocellulose membrane, and subjected to immunoblot (IB) analysis with anti-NS5A antibody (top). Lane 4 shows NS5A expression in total cell lysates. The same membrane was stripped and probed with anti-Gab1 antibody (bottom) to show Gab1 protein levels. (B) HeLa S3 cells were infected with either a recombinant VV carrying the NS5A gene (vpNS5A) or the control VV (vp1080). Cell lysates were collected at 2, 4, and 6 h postinfection (P.I.) and used for coimmunoprecipitation assays with either anti-Gab1 antibody (lanes 2 to 6) or NRS (lane 1); this was followed by immunoblot analysis as described above. Lane 7 shows expression of NS5A (top) and Gab1 (bottom) in total lysates from vpNS5A-infected cells at 6 h postinfection. IP, immunoprecipitation.
when cell lysates prepared from actively proliferating HeLa cells were added to the reaction mixture, NS5A was coprecipitated with GST-Gab1. These results suggest that the association between Gab1 and NS5A is mediated by an additional cellular factor(s) and is thus indirect.
We specifically tested if Grb2 could mediate the Gab1-NS5A association by using the in vitro GST pulldown system (Fig.  3C ). As described above, GST-Gab1 was unable to interact with purified NS5A directly whereas GST-Grb2 efficiently interacted with NS5A in the same assay. Even when recombinant Grb2, purified from the cleavage product of GST-Grb2 fusion protein, was added to the system, no GST-Gab1-NS5A association was detected. The purity and amount of the recombinant Grb2 protein were confirmed by immunoblot analysis (data not shown). This indicates that Grb2 is unable to mediate Gab1-NS5A association, at least under the conditions used in this system. In order to further address the question of whether NS5A-Gab1 association is bridged by the Grb2 adaptor molecule, we tested the ability of wild-type NS5A and NS5A-Pro3, the mutant that does not interact with Grb2, to associate with the Gab1 signaling complex. The wild-type and mutant NS5A proteins were expressed in Tet-Off HeLa cells by transient transfection. Coimmunoprecipitation experiments were performed with lysates from HeLa cells expressing either wildtype NS5A or NS5A-Pro3 with a Gab1-specific antibody. Both the wild-type and mutant NS5A proteins coimmunoprecipitated with Gab1 in an EGF treatment-dependent manner (Fig.  3D) . The same cell lysates were also used for GST pulldown assays with GST-Gab1 or the GST control, and similar results were obtained (data not shown). Combined, these results suggest that NS5A-Gab1 association is not dependent on direct interaction of NS5A with Grb2. Rather, the association be- 4) , and cell lysates were collected at 4 h post-EGF treatment. GST pulldown assays were performed with either GST-Gab1 (lanes 1, 2, and 3) or a GST control (lanes 4 and 5). The pulldown products were resolved by SDS-12% PAGE and transferred to nitrocellulose membrane; this was followed by immunoblot (IB) analysis with NS5A-specific antibody. Lane 6 shows NS5A expression in total lysates from NS5A-expressing cells. (B) Recombinant NS5A protein purified from insect cells was used for GST pulldown assays with either GST-Gab1 (lanes 3 to 6) or GST-Grb2 (lane 2) as described above. Lysates from actively proliferating HeLa S3 cells were added in increasing amounts (10, 30 , and 50 g) to reconstitute the NS5A-Gab1 association (lanes 4 to 6). Lane 1 shows purified NS5A protein immunoblotted with NS5A-specific antibody. (C) Recombinant NS5A protein purified from insect cells was used for GST pulldown assays with either GST-Gab1 (lanes 3 and 4) or GST-Grb2 (lane 2) as described above. Recombinant Grb2 protein purified from Escherichia coli was added to the reaction mixture in lane 4. Lane 1 shows purified NS5A protein immunoblotted with NS5A-specific antibody. (D) Tet-Off HeLa cells were transiently transfected with the pTRE vector (vector lanes), pTRE-NS5A-wild type (NS5A lanes), or pTRE-NS5A-Pro3 (Pro3 lanes). At 24 h after transfection, the cells were either treated with EGF for an additional 4 h or left untreated. Cell lysates were then used for coimmunoprecipitation analysis with anti-Gab1 antibody or a normal rabbit serum (NRS) control. The immunocomplexes were then resolved by SDS-12% PAGE; this was followed by Western transfer and immunoblot analysis with anti-NS5A antibody. Lanes 1 to 3 show total lysates of cells transfected with pTRE, pTRE-NS5A-wild type, or pTRE-NS5A-Pro3 immunoblotted with anti-NS5A antibody. IP, immunoprecipitation.
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tween NS5A and Gab1 is likely bridged by additional signaling molecules in the Gab1 signaling complex, such as PI3K and PLC-␥, which possess SH3 domains (Fig. 4A ) that can potentially interact with the other proline-rich motifs of NS5A (53) . NS5A directly interacts with the p85 subunit of PI3K, which, in turn, mediates the NS5A-Gab1 association. Primed by the observation that the NS5A-Gab1 association is not mediated by the Grb2 adaptor molecule, we tested whether NS5A is able to interact with other signaling molecules involved in the Gab1 complex, specifically, the SH3 domain-containing p85 subunit of PI3K and PLC-␥. A GST pulldown analysis was performed with purified NS5A protein and a panel of different purified GST fusion proteins (Fig. 4B) . GST-Grb2 did, and GST-Gab1 did not, precipitate NS5A as previously shown. Significantly, the full-length GST-p85 protein, but not the two different SH2 domain fragments of p85 (p85 C-SH2 and p85 N-SH2) (Fig.  4A) , interacted with NS5A. In addition, GST-PLC-␥, another candidate NS5A-interacting protein, did not interact with NS5A in the same experiments. These results demonstrated that NS5A is able to directly and specifically interact with the p85 subunit of PI3K. This interaction did not seem to be mediated by the SH2 domains of p85 and thus likely involved other regions of p85, especially the SH3 domain.
In order to test the in vivo interaction of NS5A with p85 PI3K, lysates from untreated or EGF-treated wild-type NS5A-expressing Tet-Off HeLa cells were used for coimmunoprecipitation assays with an antibody specific for the p85 subunit of PI3K, followed by immunoblot assays to detect the presence of NS5A and p85 in the immunocomplex. NS5A associated with p85 PI3K in EGF-treated cells but not in untreated cells (Fig.  4C) . The association of NS5A with p85 PI3K was also demonstrated in the recombinant VV infection system by coimmunoprecipitation assays. NS5A was found to associate with p85 PI3K in vpNS5A-infected HeLa cells but not in cells infected with the control virus (vp1080) (Fig. 4D) . These results showed that NS5A could interact with the p85 subunit of PI3K in vivo during both EGF-induced cell signaling and viral infection, alluding to a mechanism by which NS5A associates with the Gab1 signaling complex. In addition, coimmunoprecipitation analysis showed that both wild-type NS5A and NS5A-Pro3 interacted with p85 PI3K in HeLa cells treated with EGF (data not shown), suggesting that NS5A interacts with p85 PI3K in a . The precipitates were resolved by SDS-12% PAGE; this was followed by Western transfer and immunoblot (IB) analysis with anti-NS5A antibody. Lane 1 shows purified NS5A protein immunoblotted with NS5A-specific antibody. The same blot was stripped and probed with anti-GST antibody to show GST fusion protein levels (bottom). The values to the left are molecular masses in kilodaltons. (C) Tet-Off HeLa cells either expressing (lanes 3 to 6) or not expressing wild-type NS5A (lanes 1 and 2) were either treated with EGF (lanes 1 to 3, 5, and 6) or left untreated (lane 4), and cell lysates were collected at different time points post-EGF treatment as indicated. Coimmunoprecipitation assays were performed with p85 PI3K-specific antibody (lanes 1, 2, and 4 to 6) or a normal rabbit serum (NRS) control (lane 3); this was followed by SDS-12% PAGE and immunoblot analysis with NS5A-specific antibody (top). The same blot was stripped and probed with anti-p85 antibody to show p85 protein levels (bottom). (D) HeLa S3 cells were infected with either vpNS5A (lanes 3 to 7) or vp1080 (lanes 1 and 2). Cell lysates were collected at different time points postinfection (P.I.), as indicated, and used for coimmunoprecipitation assays with p85-specific antibody (lanes 1 to 6) or an NRS control (lane 7); this was followed by SDS-12% PAGE and immunoblot analysis with anti-NS5A antibody (top). The same blot was stripped and probed with anti-p85 antibody (bottom). Lane 8 shows NS5A (top) and p85 PI3K (bottom) expression in total lysates from vpNS5A-infected cells. (E and F) HCV replicon cells were treated with EGF for 1 h (lanes 1, 2, and 4) or left untreated (lane 3), and cell lysates were subjected to coimmunoprecipitation analysis with p85 PI3K-specific antibody (lanes 3 and 4) or an NRS control (lane 2). The immunocomplexes were resolved by SDS-12% PAGE; this was followed by immunoblot analysis with anti-NS5A (E) or anti-NS4 (F) antibody. Lane 1 shows NS5A expression in total lysates of HCV replicon cells. IP, immunoprecipitation.
Grb2 interaction-independent manner. Thus, NS5A interacts with p85 PI3K and Grb2 through different mechanisms.
Next, we tested the NS5A-p85 PI3K interaction in the HCV replicon system in order to better determine the physiological relevance of this observation. Lysates of untreated or EGFtreated HCV replicon cells were used for a coimmunoprecipitation analysis with antibody specific to the p85 subunit of PI3K (Fig. 4E) . Significantly, the NS5A-p85 interaction was also demonstrated in the HCV replicon cells, in an EGF treatment-inducible manner. These results strongly support the physiological relevance of the NS5A-p85 interaction. Under the same conditions, p85 was not found to associate with NS4A, another HCV NS protein present in the replicon cells (Fig. 4F) , further demonstrating the specificity of the NS5A-p85 PI3K interaction.
In order to determine the NS5A regions involved in the interaction with p85 PI3K, the p85 PI3K-interacting ability of wildtype NS5A and different N-or C-terminal deletion mutant forms of NS5A was examined next (Fig. 5A) . A genotype 1b, full-length NS5A isolate, wild-type NS5A-NR, and NS5A-NR-derived deletion mutants lacking either the N-terminal 110 amino acids (⌬N110) or the C-terminal 117 amino acids (⌬C117) (39) were separately expressed in Tet-Off HeLa cells by transient transfection. After EGF treatment, lysates of these cells expressing the different NS5A proteins were subjected to coimmunoprecipitation analysis with anti-p85 PI3K antibody as described above. Interestingly, both full-length NS5A and the C-terminal deletion mutant form of NS5A were able to interact with p85 PI3K. On the other hand, the mutant NS5A lacking the N-terminal region was unable to associate with p85. The expression of these different forms of NS5A was confirmed by immunoblot analysis, and similar expression levels were observed (data not shown). These results suggest that the NS5A-PI3K interaction involves the Nterminal, but not the C-terminal, region of NS5A. It is likely that the NS5A-PI3K interaction is mediated by the other highly conserved, proline-rich, SH3-binding motif within the N-terminal region of NS5A (53) . In addition, the association of these wild-type and mutant forms of NS5A with Gab1 was also tested by performing coimmunoprecipitation analysis with anti-Gab1 antibody as described above (Fig. 5B) . Consistent with the above results and our hypothesis that NS5A associates with the Gab1 complex through direct NS5A-p85 PI3K interaction, both the full-length and the C-terminal deletion forms, but not the N-terminal deletion form, of NS5A associated with Gab1 in EGF-treated cells. These results strongly suggest that the NS5A-Gab1 association requires direct NS5A-p85 PI3K interaction, although the possibility that other, unknown, proteins mediate the NS5A-Gab1 association cannot be completely excluded.
NS5A enhances activation of the PI3K-Akt pathway and regulates the downstream apoptosis pathway. Upon stimulation with growth factors such as EGF, the multisite docking protein Gab1 is phosphorylated at multiple tyrosine residues, which could serve as docking sites for SH2 domain-containing signaling molecules, including previously identified Gab1-binding proteins p85 PI3K, PLC-␥, Shc, and Shp2 (26) . Knowing that NS5A directly interacts with p85 PI3K and associates with the Gab1 complex, we next investigated whether NS5A expression affects the activation of any Gab1-mediated signaling pathway, in particular, the PI3K pathway, which plays a pivotal role in regulating cell growth and survival (5, 29) and is a popular target of viral modulation of host cell signaling (9, 13) . Lysates from the stable wild-type NS5A-expressing Tet-Off HeLa cell line were subjected to coimmunoprecipitation analysis by using anti-p85 PI3K antibody and immunoblot analysis with antiphosphotyrosine antibody. Following EGF stimulation, cells expressing NS5A displayed enhanced tyrosine phosphorylation of p85 PI3K (Fig. 6A) but not PLC-␥ (data not shown), indicating sustained activation of PI3K by NS5A. On average, NS5A expression caused an approximately twofold increase in PI3K tyrosine phosphorylation at early time points after EGF treatment (Fig. 6A) . No significant effect of NS5A The AKT serine/threonine protein kinase is activated by phosphatidylinositol 3,4-bisphosphate and phosphatidylinositol 3,4,5-trisphosphate, which are lipid products of PI3K, and AKT acts as an important signal mediator downstream of PI3K, regulating cell survival and proliferation (6, 27) . We therefore tested the effect of NS5A expression on AKT pathway activation. For these studies, Tet-Off HeLa cells expressing NS5A were treated with EGF and immunoblot assays with antibody specific to the phosphorylated/activated forms of AKT kinase (Fig. 6B) were performed as described previously (30, 48, 52) . Consistent with the observation that NS5A enhances p85 PI3K phosphorylation, NS5A expression also enhanced AKT phosphorylation by about threefold in HeLa cells treated with EGF for 30 min. In addition, NS5A expression enhanced AKT phosphorylation/activation in HeLa S3 cells infected with recombinant VV expressing NS5A, compared with cells infected with the control VV (Fig. 6C) . On average, in recombinant VV-infected cells, NS5A expression resulted in an approximately 2.5-fold increase in the AKT phosphorylation level. More importantly, NS5A expression did not cause a significant change in the level of p85 PI3K or AKT protein.
Collectively, these results show that NS5A expression can enhance the PI3K-AKT pathway in both cellular and viral systems.
In order to test whether the effect of NS5A on the PI3K-AKT pathway requires NS5A-p85 PI3K interaction, AKT 5) . Cell lysates were collected at different time points post-EGF treatment, as indicated. Coimmunoprecipitation assays were performed with antibody specific to p85 PI3K. The immunocomplexes were resolved by SDS-12%c PAGE; this was followed by immunoblot (IB) analysis with phosphotyrosine-specific antibody (top). The same membrane was stripped and probed with p85-specific antibody to show total p85 protein levels (bottom). The values under the antiphosphotyrosine blot are the relative levels of p85 PI3K phosphorylation. (B) Tet-Off HeLa cells stably expressing wild-type NS5A (lanes 1 and 2) or not expressing NS5A (lanes 3 and 4) were either treated with EGF (lanes 2 to 4) or left untreated (lanes 1 and 3) , and cell lysates were collected at 30 min after EGF treatment. The cell lysates were resolved by SDS-12% PAGE; this was followed by immunoblot analysis with antibody specific to the phosphorylated, activated form of AKT (top). The same blot was stripped and probed with anti-AKT antibody to show AKT levels (bottom). The values under the antiphospho-AKT blot are the relative levels of AKT phosphorylation. (C) HeLa S3 cells were infected with either a recombinant VV carrying the NS5A-encoding gene (vpNS5A) (lanes 4 to 6) or the control VV (vp1080) (lanes 1 to 3) . Cell lysates were collected at 2, 4, and 6 h postinfection (p.i.) and resolved by SDS-12% PAGE (12%); this was followed by immunoblot analysis with antibody specific to the phosphorylated form of AKT (top). The same blot was stripped and probed with anti-AKT antibody to show total AKT protein levels (bottom) 3 and 4) or not expressing NS5A (lanes 1 and 2) were either treated with EGF (lanes 2 to 4) or left untreated (lanes 1 and 3) . Cell lysates were collected 30 min after EGF treatment and resolved by SDS-12% PAGE; this was followed by immunoblot analysis with antibody specific to the phosphorylated form of BAD (top). The same blot was stripped and reprobed with anti-BAD antibody to show BAD levels (bottom). The values under the antiphospho-BAD blot are the relative levels of BAD phosphorylation. (F) HeLa S3 cells were infected with either a recombinant VV carrying the NS5A-encoding gene (vpNS5A) (lanes 4 to 6) or the control VV (vp1080) (lanes 1 to 3) . Cell lysates were collected at 2, 4, and 6 h postinfection and resolved by SDS-12% PAGE (12%); this was followed by immunoblot analysis with antibody specific to the phosphorylated form of BAD (top). The same blot was stripped and probed with anti-BAD antibody to show total BAD protein levels (bottom). The values under the antiphospho-BAD blot are the relative levels of BAD phosphorylation. IP, immunoprecipitation; ND, not detectable.
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phosphorylation levels were compared in two stable Tet-Off HeLa cell lines expressing either full-length, wild-type NS5A-NR or an N-terminal deletion mutant form of NS5A (⌬N222) that does not interact with p85 PI3K. We found that expression of full-length NS5A-NR, which is capable of interacting with p85 PI3K, also enhanced AKT phosphorylation, showing that the effect of NS5A on the PI3K-AKT pathway is not limited to a particular NS5A isolate (Fig. 6D, lanes 3 and  4) . On the other hand, in cells expressing the N-terminal deletion form of NS5A, which lost its ability to interact with p85 PI3K, the ability to enhance the PI3K-AKT pathway was also lost (Fig. 6D, lanes 7 and 8) . These results suggest that the enhancement of the PI3K-AKT pathway by NS5A requires its interaction with p85 PI3K. In addition, by comparing HeLa cells infected with recombinant VV expressing either wild-type NS5A or NS5A-Pro3, we found that both wild-type NS5A and NS5A-Pro3 enhanced AKT phosphorylation to similar levels (data not shown). These results further support the notion that the ability of NS5A to associate with p85 PI3K and enhance the PI3K-AKT pathway is independent of Grb2 interaction. The PI3K-AKT pathway plays a pivotal role in the regulation of cell survival and apoptosis. For example, AKT is known to cause serine phosphorylation of BAD, a proapoptotic Bcl-2 family member, and to inhibit BAD function, thus contributing to a blockade of apoptosis (8) . In order to examine the effect of NS5A upregulation of the PI3K-AKT pathway on the downstream apoptosis pathway, serine phosphorylation levels of BAD were compared in Tet-Off cells expressing wild-type NS5A either in the presence or in the absence of EGF treatment (Fig. 6E) . As revealed by immunoblot analysis with antibody specific to serine-phosphorylated BAD, NS5A expression also enhanced AKT-mediated serine 136 phosphorylation of BAD, consistent with the effect of NS5A on the PI3K-AKT pathway. Similarly, NS5A expression also enhanced the serine phosphorylation levels of BAD in recombinant VV-infected cells (Fig. 6F) , demonstrating the ability of NS5A to modulate the apoptosis machinery through the PI3K-AKT pathway during both cellular signaling and viral infection. Upregulation of the PI3K-AKT-BAD pathway may contribute to the antiapoptotic and oncogenic abilities of NS5A (19, 22) .
DISCUSSION
A model of NS5A action: a multifaceted attack. Our laboratory has focused extensively on the HCV NS5A protein and its role in conferring IFN resistance and disrupting signal transduction pathways. In this report, we show that NS5A expression enhanced the activation of the PI3K-AKT-BAD pathway in both cellular and viral systems, suggesting a mechanism by which NS5A regulates apoptosis. Indeed, NS5A expression was previously observed to reduce cell death in both recombinant VV-infected HeLa cells (25) and Tet-Off cells treated with tumor necrosis factor alpha and poly(riboinosine-ribocytosine) (19, 22) . More interestingly, Tet-Off cells expressing full-length NS5A were found to be more resistant to serum starvationinduced apoptosis than those expressing the N-terminal deletion mutant NS5A, suggesting that the interaction between NS5A and the PI3K-AKT pathway plays a role in regulating apoptosis (D. Grandgirard et al., unpublished results). However, the inhibition of apoptosis by NS5A is unlikely limited to the PI3K-AKT pathway-dependent mechanism, since NS5A may also regulate cell death through PKR-dependent pathways (19) . These findings, combined with our previous results (53) , have led us to hypothesize that NS5A, by targeting Grb2, acts to downregulate the Ras-Raf-MEK-MAPK pathway, which may influence viral persistence and the IFN response (24, 25, 53) , while promoting the cell survival and antiapoptotic activities of the PI3K-AKT-BAD pathway (Fig. 7) . We suggest that the association of NS5A with p85 PI3K enhances the activity of the PI3K-AKT pathway. This results in inhibition of apoptosis to help HCV persist in host cells and might contribute to the development of liver cancer associated with HCV infection, among other possible consequences (Fig. 7) .
We initially hypothesized that NS5A forms a complex with Gab1 through a Grb2-dependent bridging mechanism, possibly with NS5A and Gab1 associating with the N-terminal SH3 domain and the C-terminal SH3 domain of Grb2, respectively. Indeed, we found an indirect association between NS5A and Gab1. However, the association of NS5A with Gab1 was me- FIG. 7 . Model of the modulation of cellular signaling pathways by NS5A. NS5A, through its C-terminal proline-rich SH3-binding motif, directly interacts with Grb2 to perturb the downstream MAPK pathway, which may contribute to regulation of translation (25) and perturbation of IFN signaling (24) . On the other hand, the N-terminal region of NS5A directly interacts with the p85 subunit of PI3K, which enhances the PI3K-AKT pathway and regulates the downstream apoptosis machinery. The modulation of the PI3K-AKT pathway by NS5A may contribute to cell survival and inhibition of apoptosis in virusinfected cells, resulting in viral persistence and contributing to pathogenesis.
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SUBVERSION OF CELL SIGNALING PATHWAYS BY HCV NS5A 9215 diated not by Grb2 but very likely through the p85 subunit of PI3K, which we showed to directly interact with NS5A in vitro and to associate with NS5A in vivo. Similar to other viral proteins (12, 57) , by interacting with PI3K, NS5A upregulates activation of the downstream PI3K-AKT pathway, which may provide an important mechanism for regulation of the viral life cycle and viral pathogenesis. Although the exact mechanism by which NS5A enhances p85 PI3K activation remains unclear, it is likely that NS5A somehow facilitates p85 PI3K activation by upstream pathways, considering the fact that NS5A enhances p85 phosphorylation, which is carried out by upstream kinases. However, it remains possible that NS5A directly upregulates p85 PI3K phosphorylation and activation through a direct interaction, even though NS5A is not known to possess any enzymatic activity. It is also possible that NS5A upregulates the downstream AKT-BAD pathway through a p85 PI3K-independent mechanism, for example, by directly interacting with AKT (C. Coito et al., unpublished data). Viruses and cell signaling: targeting of the PI3K-AKT pathway. Viruses have developed different strategies to interfere with host cell signaling, and such interference can be an important component of the viral life cycle and pathogenesis (28) . After growth factor or cytokine signaling, p85 PI3K becomes tyrosine phosphorylated and binds to the p110 catalytic subunit of PI3K. Activated PI3K generates intracellular secondary messengers by phosphorylating phosphoinositides and regulates diverse cellular responses, including cell growth, inhibition of apoptosis, insulin-dependent metabolism of glucose, cytoskeletal reorganization, and tumorigenesis (29, 31) . Thus, the perturbation of the PI3K pathway by NS5A may influence various important processes in host cells. Although our studies have used EGF as a model cell system, it is likely that NS5A also perturbs these cellular pathways during stimulation by other growth factors and cytokines, such as IFN-␣/␤ (24) and hepatocyte growth factor (Coito et al., unpublished), which likely play important roles in liver metabolism and HCV pathogenesis. AKT is a serine/threonine kinase and has been recognized as a major target of PI3K (6, 27) . AKT phosphorylates cellular targets involved in multiple biological processes, such as apoptosis, glycogen metabolism, and gene transcription. AKT phosphorylation of Bad results in inhibition of apoptosis (8) . In fact, modification of the BAD pathway by the US3 protein kinase of herpes simplex virus type 1 prevents programmed cell death in the absence of other viral proteins, highlighting the pivotal role of this pathway (37) .
Because of its central role in the regulation of host cell survival, the PI3K-AKT pathway has become the target of numerous viruses. Some viral proteins, such as the hepatitis B virus X protein (30, 48) , Epstein-Barr virus (EBV) LMP2A (latent membrane protein 2A) (47, 52) , and the polyomavirus middle T antigen (7, 35, 51, 55) , can activate the PI3K-AKT pathway, which contributes to suppression of apoptosis and causes cell transformation. Interestingly, two human immunodeficiency virus type 1 (HIV-1) proteins, Tat (3) and Nef (57), both activate the PI3K-AKT pathway, thus providing antiapoptotic signals. It is thought that activation of the PI3K-AKT pathway by these HIV-1 proteins may regulate viral replication and contribute to AIDS pathogenesis. Among the viral proteins known to modulate the PI3K-AKT pathway, both HIV-1 Nef (57) and the polyomavirus middle T antigen (12) interact directly with and activate PI3K, similar to the mechanism utilized by NS5A. In addition, some retroviruses, such as the AKT8 retrovirus, encode viral versions of the PI3K-AKT pathway components, further suggesting the importance of this pathway in viral pathogenesis (50) .
In summary, our study illustrates an interesting example of a single viral protein that differentially modulates two pivotal cellular pathways that regulate cell growth/differentiation and survival, the MAPK and the PI3K-AKT pathways. In fact, this strategy is not limited to HCV, since another viral protein, EBV LMP2A, which transforms epithelial cells and inhibits cell differentiation, also activates the PI3K-AKT pathway, whereas activation of the MAPK pathway is not observed (47) . More interestingly, a naturally occurring mutant EGF receptor, EGFRvIII, which causes cell transformation, constitutively activates the PI3K pathway while downregulating the MAPK pathway (36) , resembling the manner of action employed by NS5A and EBV LMP2A. It is noteworthy that AKT cross talks with and inhibits the Raf-MEK-MAPK pathway, which regulates cell differentiation and proliferation in different biological systems (43, 58) . It therefore appears that differential regulation of the MAPK and PI3K pathways constitutes a normal mechanism of cell life control and that this mechanism has been hijacked by viruses to facilitate the viral life cycle instead.
